Introduction
============

Gut microbiota is a complex and heterogeneous ecosystem that has essential effects on host energy harvest ([@B39]), metabolism, immune development ([@B38]), and even behavior ([@B23]). Both environmental factors, such as diet, maternal seeding, lifestyle and medicine, and host factors, e.g., genetics, sex, aging, and disease state significantly influence the gut microbial composition ([@B9]; [@B13]; [@B20], [@B19]; [@B32]). Recent years, more and more studies have indicated the important role of host genetics in microbial community structure. The study in eight progenitor mouse strains of the collaborative cross observed that bacterial communities retained strain specificity although it became more similar after cohabitation of different strains of mice, suggesting an interaction of host genetics and environmental factors in shaping gut microbiota ([@B7]). In humans, memberships with closer degree of relatedness in families showed a higher overall similarity in gut microbiome ([@B11]). Monozygotic twin pairs had slightly more similar microbiomes compared to dizygotic twin pairs ([@B20]).

Heritability estimate facilitates to evaluate the strength of the host genetics on microbial composition. [@B20] found that 5.3% of bacterial taxa had heritability estimate greater than 0.2 in stool samples of 416 pairs of dizygotic and monozygotic twins. The most heritable bacterial taxon was the family Christensenellaceae. This percentage was increased to 8.8% in their further study using 1,126 twin pairs ([@B18]). [@B12] identified 15 heritable taxa in stools from different sampling seasons in Hutterites. Most of these heritable bacteria belong to the phyla Proteobacteria and Firmicutes. The study in mice of Hybrid Mouse Diversity Panel (HMDP) strains revealed that host genetic variation explains a substantial amount of the variation in gut microbial composition, which was up to 0.5 or more for many common taxa when experimental mice were maintained under controlled conditions ([@B33]). [@B31] observed a wide range of heritability for taxa at the genus level (0.26--0.86) and identified the influence of genetic background in both microbial community structure and individual taxa in eight progenitor strains of the collaborative cross.

Cross-species studies have evidenced that gut microbiome is associated with host genetic variation ([@B7]; [@B11]; [@B19]). Several studies were dedicated to identify host genes and variants contributing to the variation of microbial taxa by genome-wide association study (GWAS) or quantitative trait locus (QTL) mapping using quantitative measures of the microbiome as complex traits ([@B31]; [@B4]; [@B12]; [@B33]; [@B5]; [@B18]; [@B40]). For instances, [@B41] identified multiple genetic loci, including *vitamin D receptor* associated with overall microbial variation and individual taxa. [@B18] discovered the associations between heritable taxa and genes related to diet, metabolism and olfaction, and found that the variants in or near the *ALDH1L1* and *LCT* were associated with the abundance of SHA-98 and *Bifidobacterium*, respectively. Eighteen QTLs were identified to link with relative abundances of microbial taxa in mice ([@B3]). However, all above studies relied on stool samples. Fecal microbiota is mostly from the colon and luminal microbes ([@B16]). The microbiota further up the gastrointestinal tract may be rarely detectable in the stool. Whether host genetics plays the similar effect on the microbiota of other intestinal tracts is unknown at present.

Pigs are a perfect animal model for studying the interaction between host genetics and gut microbiota due to the high similarity of gastrointestine and digestive system with humans. Compared to humans, pigs are always raised in uniform farm conditions that are easy to man-made control. All experimental pigs can be fed with the same commercial formula diets. Further, gut luminal samples from different intestine sites can be harvested at slaughter. However, to our knowledge, there is no study about host genetic effect on gut microbiome in pigs, especially with the samples from different gut compartments.

In the current study, in order to evaluate the effect of host genetics on microbial composition of porcine cecum and feces, we determined the phylogenetic composition of microbial communities of porcine cecum lumen and feces using 16S rRNA gene sequencing. The contribution of host genetics toward the variation of microbial compositions of cecum and feces was evaluated through comparing the microbial diversity among full-sibs, half-sibs and unrelated members, estimating the heritability of the relative abundance of microbial taxa, and performing GWAS to identify the host genomic loci influencing the microbial composition (Figure [1](#F1){ref-type="fig"}).

![Flowchart depicting the experimental design for studying the host genetic effect on gut microbial composition in pigs.](fmicb-09-02626-g001){#F1}

Materials and Methods {#s1}
=====================

Animals and Sample Collection
-----------------------------

To evaluate the contribution of host genetics toward the variation of microbial community structure of different gut locations, a total of 500 samples were collected and used in this study, including 256 cecum luminal samples from Erhualian pigs (151 gilts and 105 castrated boars) and 244 fecal samples from Bamaxiang pigs (121 gilts and 123 castrated boars). Full siblings were co-housed with their mothers prior to weaning. After weaning, both populations were raised in the same farm house, where 7--8 pigs were randomly grouped into a 10 m^2^ open. All experimental pigs were fed two times a day by providing with the same corn-soybean based commercial formula diet, which was comprised of 16% crude protein, 3100 kJ digestive energy and 0.78% lysine. Water was available *ad libitum* from nipple drinkers. All boars were castrated at the age of day 60. All pigs were healthy and did not receive any antibiotic treatment within 2 months before slaughter. The experimental pigs were slaughtered at 300 ± 3 days after fasting but water-free overnight as described previously ([@B43]). The luminal contents of cecum were collected within 30 min after slaughter, and fecal samples were harvested from rectum before slaughter. All samples were immediately dipped in liquid nitrogen, and then transferred into -80°C freezer until use. All procedures involving animals were conducted according to the guidelines for the care and use of experimental animals established by the Ministry of Agriculture of China. Animal Care and Use Committee (IACUC) in Jiangxi Agricultural University also approved this study.

DNA Extraction
--------------

The microbial DNA was extracted using the QIAamp Fast DNA stool mini kit (Qiagen, Germany) according to manual instructions. Host genomic DNA used for genotyping of high-density SNP chips was extracted from ear tissues of the tested pigs with the standard phenol--chloroform method. The quality and concentration of DNA samples were determined by Nanodrop-1000 and 0.8% agarose gel electrophoresis.

16S rRNA Gene Sequencing and Data Processing
--------------------------------------------

The conserved primers 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT) were designed for amplifying the hypervariable V4 region of 16S rRNA gene under the annealing temperature of 56°C with 30 cycles. The products of amplification were purified, and then sequenced on an Illumina MiSeq platform (Illumina, United States). All 16S rRNA gene sequencing data were submitted to the NCBI database with accession number [PRJNA348164](PRJNA348164). The sequence reads with ambiguous base, 10 consecutive same bases and low quality were filtered out. The chimeric sequences were further identified and discarded using USEARCH software (v7.0.1090) ([@B42]). The paired-end reads were assembled into tags based on the overlapped sequences with FLASH (v.1.2.11) ([@B26]). Tags with \>97% sequence similarity were clustered into operational taxonomic units (OTUs) using USEARCH software (v7.0.1090) ([@B42]). To obtain the taxonomic information, the 16S rRNA gene sequences were further assigned to the GreenGene database ([@B14]) using RDP Classifier with an assignment cutoff of 0.8 ([@B8]). The microbial abundances at each taxonomic level were summarized using the QIIME (v 1.9) ([@B30]).

Genotyping of Experimental Pigs
-------------------------------

The experimental pigs were genotyped using the customized 1,400 k SNP Chips, which contained 1.4 million SNPs from both Chinese indigenous and Western commercial pig breeds according to the standard genotyping procedure (Affymetrix, United States). We performed quality control for the genotyping data with the thresholds of call rate ≥95%, minor allele frequency (MAF) ≥5% and Hardy Weinberg equilibrium (HWE) *P*-value \> 5 × 10^-6^ using PLINK (v1.07) ([@B35]). A final set of 751,802 and 731,411 SNPs were passed the quality control and used for further analyses in the Bamaxiang and Erhualian population, respectively. A total of 462 experimental pigs (227 Erhualian and 235 Bamaxiang) had both genotyping and 16S rRNA gene sequencing data.

Statistical Analysis
--------------------

### Comparison of Microbial Diversity Among Full-Sibs, Half-Sibs, and Unrelated Pigs

Full-sibs from 40 pairs of parents and half-sibs from 53 boars in the Erhualian population were used to compare the microbial diversity of cecum lumen among full-sibs, half-sibs and unrelated individuals. The same analysis was also performed in the Bamaxiang population with full-sibs from 36 pairs of parents and half-sibs from 40 boars. To avoid the effect of cohabitation on the microbial diversity, the pigs used for the comparison of microbial diversity in each of full-sib, half-sib and unrelated pig groups were drawn from different pens. Weighted and Unweighted Unifrac distance between samples were calculated using the QIIME (v 1.9) ([@B30]), and compared by the Student's *t*-tests with 1,000 Monte Carlo simulations.

Association of host genetics with gut microbial composition was further evaluated by calculating the correlation between host genetic kinship and microbial composition-based kinship among individuals. The formula: $Kinship = \frac{1}{\mathit{p}}\Sigma_{\mathit{i} = 1}^{\mathit{p}}{\left( \mathit{x}_{\mathit{i}} - 1_{\mathit{n}}{\overline{\mathit{x}}}_{\mathit{l}} \right)\left( \mathit{x}_{\mathit{i}} - 1_{\mathit{n}}{\overline{\mathit{x}}}_{\mathit{l}} \right)^{\mathit{T}}}$ was used for calculating the kinship matrix based on the host genotyping data and the microbial composition data (OTU compositions and relative abundances), respectively ([@B45]); where *x* represents the *n* × *p* matrix of genotypes or OTUs, *x~i~* and ${\overline{\mathit{x}}}_{\mathit{l}}$ represent the genotypes of *i*th and *l*th SNPs or relative abundances of *i*th and *l*th OTUs, and 1*~n~* means a *n* × 1 vector of 1's. Mantel test was then used to evaluate the correlation between the host SNP-based kinship and microbial composition-based kinship.

### Heritability Estimation

Heritability was estimated using the Bayesian sparse linear mixed model in the GEMMA software (v 0.94) ([@B44]), following the formula *y* = 1*~n~*μ + Xβ + *u* + *e*. Where y is an n-vector of relative abundances of bacteria, μ is a scalar representing the mean of relative abundances of microbes, X is an *n* × *p* matrix of genotypes on *n* individual at *p* genetic marker, β is the corresponding *p*-vector of the genetic marker effect, and *e* is the residual error. In this method, the relative abundance of microbes was corrected for the effects of sex and sampling batch, and decomposed into SNP sparse effect Xβ, random effect *u* as well as residual error effect *e*. To estimate the chip heritability, 10^5^ times MCMC sampling method was used for the estimation of β, *u* and other hyper-parameters. The proportion of variance of microbial abundance (*h*^2^) explained by SNPs was calculated as follows: $PVE{\left( \mathit{\beta},\mathit{u},\tau \right) = \frac{\mathit{var}\left( \mathit{X}\mathit{\beta} + \mathit{u} \right)}{\mathit{var}{\left( \mathit{X}\mathit{\beta} + \mathit{u} \right) + \tau^{- 1}}}}$, where the τ^-1^ is the variance of the residual error. The lowest 2.5% and the highest 2.5% of the estimated values were removed to generate a 95% confidence interval of *h*^2^ for a given microbe.

### GWAS Analysis

We performed GWAS analysis for relative abundance or presence/absence of OTUs and taxa using the method reported previously ([@B40]) with the GenABEL package in R software ([@B1]). Because many bacterial taxa and OTUs were not presented in many samples, we defined the taxa and OTUs that were presented in \>95% samples as core OTUs and taxa, and those presented in 20∼95% of experimental pigs as random OTUs and taxa, while taxa or OTUs presented in less than 20% of samples were discarded from further analyses. We controlled for the effects of sex, sampling batch and the first three genetic principal components across all model. For core OTUs and taxa, a log-normal model on the log of the relative abundance for non-zero counts were used to estimate the associations of host genotypes with bacterial taxa by the qtscore function in the GenABEL package ([@B1]). For random OTUs and taxa, we adopted a two-part log-normal model that accounted for both binary feature (detected/undetected) and quantitative feature (relative abundance) of microbes to perform the GWAS analysis as described by [@B40]. In brief, the first part of the model used a logistic regression model on the absence/presence to detect the association between host SNPs and the binary feature of a microbe. In the second part, the non-zero relative abundance of each OTU or taxon was used for GWAS analysis in a log-normal model as described above. Genomic control (GC) was used to correct the effect of stratification (λ) that was estimated from the null test statistics (under the null hypothesis that no SNP was associated with the trait) ([@B15]). We evaluated population stratification by examining the distribution of test statistics in a quantile-quantile (Q-Q) plot ([@B34]). We filtered out those results with λ \< 0.99 or λ \> 1.06. Bonferroni correction was used to adjust the multiple tests ([@B2]). The genome-wide significance threshold was set at 0.05/SNP numbers, and the suggestive significance level was determined by 1/SNP numbers. Linkage disequilibrium (*r*^2^) between SNP markers was estimated by PLINK (v1.07) ([@B35]). The empirical confidence interval was determined by *r^2^* ≥ 0.8 between the strongest SNP and its surrounding SNPs.

### Candidate Gene Annotation

To find candidate genes for all detected genomic loci above the suggestive significance level, the gene closest to the top SNP of each locus was searched based on the porcine reference genome assembly (Sscrofa10.2). Function capacities of the selected genes were then annotated using the online panther classification system ([@B28]), GeneCards and the Mouse Genome Database (MGI) ([@B17]).

Results
=======

Variation of Microbial Composition in Porcine Cecum Lumen and Feces
-------------------------------------------------------------------

We determined the phylogenetic composition and the variability of microbial communities in a total of 500 samples from two Chinese pig populations, including 256 cecum luminal samples from Erhualian pigs and 244 fecal samples from Bamaxiang pigs using 16S rRNA gene sequencing. After quality control, for cecum luminal samples, an average of 36,324 (ranging from 19,356 to 62,376) clean reads per sample was obtained. The clean reads were assembled into 18,162 tags (Supplementary Table [S1](#SM2){ref-type="supplementary-material"}). Tag sequences sharing ≥97% pairwise similarity were clustered into OTUs. On average, we identified 718 non-singleton bacterial OTUs for each sample. OTUs were further assigned to obtain the taxonomic information, and 92 bacterial genera belonging to 13 phyla were detected (Supplementary Table [S1](#SM2){ref-type="supplementary-material"}). For fecal samples, we obtained an average of 61,669 (26,432∼102,350) clean reads per sample, which were assembled into 22,174 tags (Supplementary Table [S1](#SM2){ref-type="supplementary-material"}). The average numbers of OTUs, bacterial phyla and genera identified in fecal samples were 888, 15, and 117, respectively.

Microbial composition varied greatly between two types of samples (Figure [2A](#F2){ref-type="fig"}). Of the 92 and 117 bacterial genera identified in cecum lumens and stools, 73 genera were shared in both types of samples. In cecum lumen samples, Bacteroidetes was the most abundant bacterial phylum (51.92% ± 15.44%) and Firmicutes was ranked the second (28.81% ± 14.17%), while the relative abundance of Bacteroidetes and Firmicutes in feces was 29.32% ± 6.12% and 41.79% ± 7.38%, respectively (Figure [2B](#F2){ref-type="fig"}). The microbial composition was also distinct across animals. The relative abundances of Firmicutes across all pigs in the Erhualian ranged between 15.45 and 33.50%. In Bamaxiang pigs, it ranged from 16.75 to 63.19%. At the finer taxonomic level, even larger variation of bacterial structures was observed among pigs within population. For instances, *Prevotella* varied in the relative abundance from 0.61 to 72.07% across individuals of Erhualian pigs, and from 0.94 to 26.38% across Bamaxiang pigs. The relative abundance of *Akkermansia* ranged from 0 to 15.0% across Erhualian pigs, but only from 0 to 0.67% across Bamaxiang pigs (Figure [2C](#F2){ref-type="fig"}).

![Comparison of the microbial composition between two types of samples and among individuals within population with 16S rRNA gene sequencing data. **(A)** PCA analysis showed great difference of microbial composition between cecum lumen and feces; **(B)** Comparison of microbial composition at the phylum level; and **(C)** Distribution of relative abundances of bacterial genera among individuals. Samples/bacterial genera are represented along the horizontal axis, and relative abundance is denoted by the vertical axis.](fmicb-09-02626-g002){#F2}

Comparison of Microbial Diversity Among Full-Sibs, Half-Sibs, and Unrelated Pigs
--------------------------------------------------------------------------------

We compared the diversity of microbial communities among full-sibs, half-sibs from the same boar and unrelated pigs in each of the two sample types. To avoid the effect of cohabitation on the diversity of gut microbiome, the pigs used for comparison in each of full-sib, half-sib and unrelated individual groups were drawn from different pens (see section Materials and Methods). As shown in Figure [3A](#F3){ref-type="fig"} and Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}, full-sibs showed a higher similarity of microbial communities than unrelated pigs in both Weighted and Unweighted Unifrac distance analysis although the difference was not achieved significance level in feces samples. Full-sibs shared a pair of common parents, and to some extent, the shared microbiota might be partly resulted from the transfer of mother to offspring during the birth and nursing. However, the higher similarity of microbial composition was also observed within half-sibs than unrelated individuals. Half-sibs were born and nursed by different sows, so the maternal seeding effect was avoided. Furthermore, we calculated the kinships among experimental pigs based on the microbial compositions. Interestingly, a significant correlation was observed between the microbial composition-based kinship and the host genetic (SNP-based) kinship in both populations (*P* \< 9.9 × 10^-5^, Figure [3B](#F3){ref-type="fig"}). These results suggest the host genetic effect on the diversity of gut microbiota.

![Host genetic effect on microbial compositions of cecum lumen and feces. **(A)** Comparison of the phylogenetic diversity of microbial composition among full-sib pairs, half-sib pairs and unrelated individuals by Unweighted Unifrac analysis. Full-sib pairs showed a higher similarity of microbial composition than unrelated individuals in both Erhualian (EHL) and Bamaxiang (BMX). The analysis was performed by QIIME (v 1.9). **(B)** Host genetic kinship calculated from host genome data (*x*-axis) is correlated with the microbial composition-based kinship (y-axis). In the panels, solid red lines represent a linear regression fit to the data.](fmicb-09-02626-g003){#F3}

Heritability (*h*^2^) Estimation for the Relative Abundance of Bacterial Taxa
-----------------------------------------------------------------------------

We estimated the heritability of the relative abundance of bacterial taxa by SNP-based approach. We identified 81 and 67 microbial taxa showing *h*^2^ values \> 0.15 in fecal and cecum luminal samples, respectively. The species *Blautia producta* (*h*^2^ = 0.41) showed the highest heritability in fecal samples, while the family Ruminococcaceae and the genus *Lachnospira* had the highest *h*^2^ values (*h*^2^ = 0.56) in cecum luminal samples (Supplementary Table [S2](#SM3){ref-type="supplementary-material"}). Furthermore, we identified 31 microbial taxa that had the *h*^2^ \> 0.15 in both types of samples (Figure [4](#F4){ref-type="fig"}). Interestingly, *Blautia* has been reported to have the highest heritability value in pig feces samples by [@B6].

![Taxonomic representation of heritable bacteria taxa. The central dot in cladogram represents kingdom; each successive circle moving outward is one step lower phylogenetically. The phylogenic relationships of the taxa were obtained by the RDP database (Release 11.4). The circles showing different colors represent the taxa with different strength of heritability in cecum lumen and feces as measured by *h*^2^.](fmicb-09-02626-g004){#F4}

Compared to the heritability estimation in humans and mice, we identified six bacterial families and three genera showing high *h*^2^ values in all of pigs, humans and mice, including Lachnospiraceae, Erysipelotrichaceae, Turicibacteraceae, Ruminococcaceae, Mogibacteriaceae, Peptostreptococcaceae, *Roseburia*, *Turicibacter*, and *Coprococcus* (Figure [5](#F5){ref-type="fig"}), suggesting the conservation of host genetic effect on the relative abundance of these bacteria across mammalian species.

![Comparison of the heritability of microbial taxa among pig, human and mouse. The color gradient over the heritability estimates ranges from the lowest heritability estimate (white) to the highest heritability estimate (red) in the given study. The heritability estimates in mouse were obtained from the studies reported by [@B33], in which heritability was estimated using all mice (All), male (M), female (F), an average per strain (Avg) and a single mouse per strain (One), and [@B31]. The estimates in human were referred to the studies by [@B18], and [@B12], in which the heritability was estimated in the Winter (W), Summer (S), and seasons combined dataset (C).](fmicb-09-02626-g005){#F5}

GWAS Identified Host Genomic Loci Affecting Microbial Composition of Porcine Cecum Lumen and Feces
--------------------------------------------------------------------------------------------------

The numbers of experimental pigs, SNPs, OTUs and microbial taxa used for GWAS are shown in Table [1](#T1){ref-type="table"}. In fecal samples, after quality control, a total of 1,411 non-redundant OTUs and 153 taxa were used for GWAS analysis. We identified a total of 40 significant associations, including 30 associations achieving genome-wide significance level (*P* \< 6.65 × 10^-8^) and the other 10 associations at the suggestive significance level (*P* \< 1.33 × 10^-6^). The significant associations for taxa and OTUs are shown in Table [2](#T2){ref-type="table"} and Supplementary Table [S3](#SM4){ref-type="supplementary-material"}, respectively. The most significant association was identified at SSC9: 123.06 Mb for Ruminococcaceae (OTU865; *P* = 1.84 × 10^-10^), where the most significant SNP was nearest to *TPK1* (Figure [6A](#F6){ref-type="fig"}). Twenty-three of these 40 associations were distributed across seven heritable bacterial taxa (*h*^2^ \> 0.15), and there were also 17 associations with 10 taxa that appeared not to be significantly heritable.

###### 

The numbers of experimental animals, SNPs, OTUs and bacterial taxa, and the significance threshold used for GWAS.

  Population   Animal   SNP       Genome-wide significance   Suggestive significance   Taxon    OTU           
  ------------ -------- --------- -------------------------- ------------------------- -------- ------- ----- ------
  Erhualian    227      731,411   6.84 × 10^-8^              1.37 × 10^-6^             76^a^    92^b^   105   1072
  Bamaxiang    235      751,802   6.65 × 10^-8^              1.33 × 10^-6^             117^c^   36^d^   258   1143
                                                                                                              

a

Phylum 6, Class 11, order 10, family 19, Genus 26, and Species 4.

b

Phylum 6, Class 11, order 10, family 16, Genus 52, and Species 13.

c

Phylum 13, Class 15, order 28, family 28, Genus 27, and Species 6.

d

Phylum 2, class 3, order 6, family 8, Genus 12, and Species 5.

###### 

GWAS results for bacterial taxa.

  Taxonomy              Chromosome   Interval (Mb)    Number of significant SNPs^a^   *P*-value^b^   Nearest gene^c^   Gene function annotation
  --------------------- ------------ ---------------- ------------------------------- -------------- ----------------- --------------------------------------------------------------------------
  **CECUM LUMEN**                                                                                                      
  Christensenellaceae   17           29.08--29.13     6                               2.47E-08       PCSK2             Decreased circulating glucose level; decreased circulating insulin level
  Peptococcaceae        5            54.91--59.76     8                               3.57E-07       SLC15A5           Abnormal thyroid hormone level; immune system phenotype
  **FECES**                                                                                                            
  Acholeplasmatales     9            117.41--118.33   5                               7.30E-08       PIK3CG            Involved in the immune response
  Prevotella copri      15           100.34--112.02   19                              1.28E-09       ZNF804A           Regulates the expression of genes involved in cell adhesion
  Prevotella copri      13           134.63--134.66   13                              1.75E-08       SST               Immune system phenotype; increased circulating insulin level
                                                                                                                       

a

The number of SNPs achieving genome-wide significance level.

b

P-values of the most significant SNP.

c

The genes closest to the most significant SNPs (Sscrofa 10.2).

![GWAS results and candidate gene annotation for *Ruminococcaceae* **(A)** and *Turicibacter* **(B).** For Manhattan plots, X-axis shows chromosomal positions. Y-axis shows --log10 *P*-values from GWAS. The horizontal dotted lines indicate the thresholds of genome-wide and suggestive significance level. Candidate gene closest to the top SNP for each locus was identified based on Porcine reference genome assembly 10.2 in Ensemble. The red vertical lines indicate the positions of the top SNPs. The red horizontal arrow bar represents the closest gene.](fmicb-09-02626-g006){#F6}

In cecum luminal samples, 1,177 OTUs and 168 bacterial taxa were used for GWAS. We identified a total of 34 significant associations related to 17 taxa, including 18 associations achieving genome-wide significance level (*P* \< 6.84 × 10^-8^) and 16 associations at the suggestive significance level (*P* \< 1.37 × 10^-6^) (Table [2](#T2){ref-type="table"} and Supplementary Table [S4](#SM5){ref-type="supplementary-material"}). Of these 17 taxa, more than 70.0% (12 taxa) belonged to the heritable taxa having *h*^2^ \> 0.15. The most significant association was identified at SSC10: 56.21 Mb for *Turicibacter* (OTU29) (*P* = 1.27 × 10^-10^), where the most significant SNP were located on *KIAA1217* (Figure [6B](#F6){ref-type="fig"}).

Host Candidate Genes Associated With Gut Microbiota
---------------------------------------------------

In order to identify host candidate genes influencing the gut microbial composition, we retrieved the genes nearest to the most significant SNPs for all genomic loci identified above based on porcine reference genome assembly (Sscrofa 10.2). Thirty-seven candidate genes and 1 LincRNA were identified for the associations in stool samples. Functional annotation of these candidate genes based on GeneCards and MGI database ([@B17]) found that 13 out of these 37 candidate genes are related to metabolism, 13 genes are associated with immune functions, and 5 genes are related to signal transduction (Table [2](#T2){ref-type="table"} and Supplementary Table [S3](#SM4){ref-type="supplementary-material"}). Interestingly, the MHC region (SSC7: 27.54 Mb) was identified to associate the abundance of *Prevotella*. As we have well known, MHC region is related to host immune response. The top SNP was located on *LST1* (Figure [7A](#F7){ref-type="fig"}). *LST1* encodes a membrane protein that inhibits the proliferation of lymphocytes. The expression of *LST1* is enhanced by lipopolysaccharide, interferon-gamma and bacteria ([@B21]). Proinflammatory expression of *LST1* occurs in the setting of human IBD ([@B21]). Moreover, *TNF*, *LTB*, and *LTA* that are related to host immune response are also located within this region.

![MHC region on SSC7 **(A)** and interleukin gene family region on SSC2 **(B)** that were identified to associate *Prevotella* and *Lachnospiraceae*. For Manhattan plots, X-axis shows chromosomal positions. Y-axis shows --log10 *P*-values from GWAS. The horizontal dotted lines indicate the thresholds of genome-wide and suggestive significance level. The red horizontal arrow bar represents the closest gene.](fmicb-09-02626-g007){#F7}

A total of 35 candidate genes were identified for the associations in cecum luminal samples (Table [2](#T2){ref-type="table"} and Supplementary Table [S4](#SM5){ref-type="supplementary-material"}). Functional classification found that 12 out of these 35 genes are related to metabolism (including obesity), and 12 candidate genes are associated with immune functions. There were also three and two candidate genes having been reported to associate signal transduction and cell adhesion, respectively. One of the interesting loci was identified at SSC2: 140.39 Mb, which was significantly associated with Lachnospiraceae (OTU1105, *P* = 5.18 × 10^-9^) and where the top SNPs was located within interleukin gene family region (*IL4*, *IL5*, and *IL13*) (Figure [7B](#F7){ref-type="fig"}).

Discussion
==========

The studies in humans and mice have indicated that host genetics influences gut microbial composition ([@B27]; [@B33]; [@B11]; [@B18]). However, what extent to the host genetic effect on the gut microbial composition has still been controversial, and common variants in host genome contributing to the composition of gut microbiota are largely unknown. Especially, to the best of our knowledge, there is no study about the effect of host genetics on the microbial compositions of different gut compartments. In this study, we separately investigated the host genetic effect on the gut microbial compositions in porcine stool and cecum lumen samples through comparison of the β-diversity of gut microbiota among full-sibs, half-sibs and unrelated individuals, heritability estimate, and GWAS. To our knowledge, this is the first report in pigs about host genotypes shaping gut microbiome. For the first time, we evaluated the host genetic effect on the microbial composition of cecum, where the microbiota had the greatest diversity and complexity ([@B25]).

Although all experimental pigs were raised in the same farm house and provided with the same commercial formula diets (Materials and Methods), a significant difference of microbial community structure was observed between cecum lumen and feces. Previous report suggested that microbiota in stool is mostly from the colon and luminal microbes ([@B16]). The other factor should be the different genetic background between two experimental pig populations. Tremendous difference of microbial composition was also observed among individuals within a population raised in the uniform feeding conditions. Concordance with the observation in humans ([@B20]), a higher similarity of microbial community structures was observed in full-sib members than in unrelated pigs. We also found a significant correlation between the microbial composition-based kinship and the host SNP-based kinship. These results suggested the host genetic effect on the gut microbial composition in pigs.

Heritability estimates identified tens of heritable bacterial taxa in the two types of samples (Supplementary Table [S2](#SM3){ref-type="supplementary-material"}). Interestingly, some of these heritable taxa were evidenced in human ([@B12]; [@B18]) and mouse ([@B31]; [@B33]; Figure [5](#F5){ref-type="fig"}), suggesting that the host genetic effect on microbial composition is conserved and widespread in mammals. Previous reports in humans suggested that the majority of the heritable taxa belongs to Firmicutes ([@B19]) and Proteobacteria ([@B12]), whereas Bacteroidetes are generally not heritable. In this study, we found that 47.17% (25/53) and 50.0% (24/48) of the heritable taxa in cecum lumen and feces samples belong to Firmicutes, and 16.98% (9/53) and 12.5% (6/48) were from Proteobacteria. However, we also identified some heritable taxa from Bacteroidetes (9/53 in cecum lumen and 12/48 in feces).

The significant associations between host genotypes and relative abundances of the commonly identified taxa were not evidenced each other in the two types of samples. This should attribute to the reasons: (1) As described above, the samples were harvested from different gut compartments (cecum vs. stool); (2) Similar to other complex traits, population heterogeneity exists for host genetic effect on gut microbiota in different breeds. It was a limitation for this study that we could not harvest the samples from the same gut site of different pig populations or from the different gut sites of the same pig population. However, more than 26.5% of the heritable taxa were commonly identified in both cecum lumen and feces (Figure [4](#F4){ref-type="fig"}). Furthermore, the numbers of OTUs and taxa that were detected the significant associations, the numbers of genomic loci/candidate genes identified in the GWAS, and the functional categories of candidate genes were similar between cecum lumen and feces.

Non-redundant OTUs and taxa were used for GWAS. Although there were some OTUs annotated to the same bacterial family or genus, their relative abundances were associated with the different genomic loci. As we have known, OTUs were clustered based on the 97% sequence similarity of tags. These OTUs may belong to different bacterial species or strains. In many cases, different bacterial species or strains from the same genus should interact with different host genes. As an example reported previously, the strains K88, K99, 987P, and F41 of Enterotoxigenic *Escherichia coli* (ETEC) are pathogens of diarrhea in neonatal and weaned pigs ([@B29]). Different intestinal protein receptors are responsible for these ETEC strains, such as histone H1 proteins 7 for 987P ([@B46]), MUC13 for K88 ([@B37]) and the undetermined receptors for K99 and F41. On the other hand, some host genomic loci were identified to affect the relative abundance of bacterial taxa, suggesting the common effect of a genomic locus on a functionally similar taxon (e.g., the same intestinal receptor for a bacterial genus).

Previous studies across mammalian species revealed a common theme that host genes involved in immune regulation and barrier defense are associated with microbiome variation ([@B22]; [@B11]). Interestingly, of the 71 candidate genes identified in the two types of samples, nearly 35.2% (25/71) are related to immune functions and regulation. There were also 35.2% of candidate genes (25/71) related to metabolism, such as circulating glucose and insulin level, obesity, and so on (Table [2](#T2){ref-type="table"} and Supplementary Tables [S3](#SM4){ref-type="supplementary-material"}, [S4](#SM5){ref-type="supplementary-material"}). In humans, genes related to metabolism also emerge to involve in microbiome variation ([@B18]). These results imply that the mechanisms about host genetic effect on gut microbiome are similar across mammalian species. *SHH* and *FGF20* influencing intestinal morphology in humans and knockout mice ([@B36]; [@B10]) were associated with the bacterial abundance in this study (Supplementary Tables [S3](#SM4){ref-type="supplementary-material"}, [S4](#SM5){ref-type="supplementary-material"}). Abnormal intestine morphology should influence the interaction between microbiota and mucosal surfaces that underlies genetic associations. More interestingly, *EHBP1* having been reported to associate Crohn's disease in Ashkenazi Jewish ([@B24]) was identified to relate the abundance of Bacteroidales (Supplementary Table [S4](#SM5){ref-type="supplementary-material"}).

In summary, we systematically evaluated the effect of host genetics on porcine gut microbial composition separately in the samples harvested from cecum and stool. We identified tens of heritable bacterial taxa in heritability estimation. Functional classifications of candidate genes identified in the GWAS for microbial taxa are mainly associated with metabolism, immunity functions and signal transduction. The high similarity of heritable taxa and functional categories of candidate genes among pig, human and mouse suggests the conservation of the host genetic effect on gut microbiome across mammalian species. The results from this study gave another support that host genetics contributes to the variation of gut microbial composition and provided the basic data for further investigating the interaction between host genotypes and gut microbiome through isolating the causative mutations.
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